We provide the covariant superspace equations that are sufficient to determine the complete θ expansion of the vertex operator of the open string massive states with (mass) 2 = 1/α ′ in pure spinor formalism of superstring theory. These equations get rid of the redundant degrees of freedom in superfields and are consistent with the BRST conditions derived in [1] . Further, we give the explicit θ expansion of the superfields appearing in the unintegrated vertex to O(θ 3 ). Finally, we compute the contribution to a 3-point tree amplitude with the resulting vertex operator upto O(θ 3 ) and find its kinematic structure to be identical to the corresponding RNS computation.
Introduction
In string theory, some of the open string excitations can be interpreted as gauge particles. After some suitable compactification of the ten dimensional theory involving the open strings ending on D-brane, one expects to get the elementary gauge particles we see in the four dimensional world around us. The effect of massive stringy states is expected to be relevant as correction to standard model at energy scales higher than that of the scale at which standard model is known to be accurate.
In this paper, we focus on the first massive open string states in 10 dimensional theory.
They consist of 128 bosonic and 128 fermionic degrees of freedom forming a spin two massive supermultiplet of 10 dimensional N = 1 supersymmetry. The bosonic degrees of freedom consist of a symmetric-traceless spin 2 field g mn having 44 independent components and a 3-form field b mnp having 84 independent components. The fermionic degrees of freedom consist of a spin 3/2 field ψ mα having 128 degrees of freedom (see, e.g. [2] ).
To describe the above supermultiplet we shall be using the pure spinor formalism. As is well known, the pure spinor formalism is a manifestly super-poincare covariant formalism [3, 4] (for review, see [5] [6] [7] [8] [9] ). Due to the feature that it keeps all the spacetime symmetries manifest, the pure spinor formalism provides a very efficient method for computing the scattering amplitudes [4, [10] [11] [12] [13] [14] . The equivalence of the pure spinor formalism with RNS and Green-Schwarz formalism has been shown at the level of the BRST cohomology and also through quite a few explicit amplitude computations [15] [16] [17] [18] .
The physical states in the pure spinor formalism are described as the states in the cohomology of a BRST operator constructed with the help of a pure spinor field. The vertex operators describing these physical string states are defined in a manifestly super-poincare covariant manner in terms of appropriate superfields in d = 10 superspace. The vertex operator for the massless states was given in [3] . In [1] , it was shown explicitly that the pure spinor BRST cohomology includes the states which appear at first massive level of open string as described above. The unintegrated form of the vertex operator for these states was also constructed in [1] .
One drawback of working in the superspace is that the superfields contain much more degrees of freedom than the actual physical degrees of freedom. Hence, before doing any calculation using a superfield, one needs to express all the coefficients of the superfield in its θ expansion only in terms of the physical fields. This typically requires some gauge fixing and the knowledge of algebraic and differential relations 1 between the superfields. The θ expansion for the massless vertex operator was done in [19] [20] [21] .
As mentioned above, the θ expansion typically requires some relations between the superfields. In the case of first massive open string states, 3 basic superfields are B mnp , G mn and Ψ mα , whose lowest components are b mnp , g mn and ψ mα respectively. The vertex operator can be expressed fully in terms of any one of these superfields. For example, the vertex operator constructed in [1] was expressed solely in terms of the single superfield B mnp . It turns out that complete θ expansion requires differential relations among these 3 superfields in addition to the algebraic relations already given in [1] in the rest frame.
One of these differential relationships between the superfields B mnp and Ψ mα was given in [1] . But, this was given in the rest frame (equation (2.28) in this paper). However, the covariant result for the differential relations is necessary when there are more than one massive states present in an amplitude 2 . We provide the covariant version of this relation, along with the other differential relations between the three superfields mentioned above. These are very crucial and sufficient to determine the θ expansion to all orders in a covariant manner.
Rest of the paper is organized as follows. In section 2, we briefly review some elements of the pure spinor formalism as needed in our analysis. After giving some general results in subsection 2.1, we review the construction of unintegrated vertex operator for the first massive states in subsection 2.2. In section 3, we give the differential relations between the superfields B mnp , G mn and Ψ mα . The equations (3.3)-(3.6) are our main results. These give us the BRST invariant vertex operator and allow us to systematically perform the theta expansion. In section 4, we give the procedure to determine the higher θ components using the results of section 3. We also give the θ expansion for the superfields Ψ mα , G mn and B mnp upto order θ 3 .
The expression for order more than 3 can be worked out straightforwardly whenever needed.
In section 5, we consider an illustrative calculation of 3-point tree amplitude involving one massive state, compute the contribution to the amplitude resulting from the massive vertex operator upto O(θ 3 ) and find the kinematic structure to be same as that computed using RNS formalism. Finally, we conclude with discussion in section 6. The appendices elaborate on our notations and conventions and contain some useful identities used in the paper.
Before moving ahead, we should mention that the θ expansion and the scattering of massive states in pure spinor formalism were also considered in [22] . The θ expansion was done with the help of a covariant version of the relation between B mnp and Ψ mα superfields in the rest frame as given in [1] . However, the covariant expression used by [22] is in conflict with another equation of [1] as we mention in footnotes 7, 10, 13 and appendix E of this paper. Moreover, the analysis of [22] could not have been complete, even with the correct covariant generalization of the relation mentioned above. This is because the additional differential relations (3.3) and (3.5) given in section 3 are indispensable for θ expansion.
Brief review of pure spinor formalism
In this section, we briefly recall some of the results of the minimal pure spinor formalism. For details, we refer the reader to original papers. The purpose of this section is to mainly introduce the fields which are used in the formalism. After this, we shall recall some of the details of the first massive vertex operator [1] which are relevant for our purpose.
Some general results
As mentioned earlier, the pure spinor formalism is a formalism to quantize superstrings covariantly. Unlike RNS and Green-Schwarz formalisms, all the underlying symmetries, namely Poincare and supersymmetry remain manifest in this formalism. Restricting to open strings, the world-sheet CFT in the flat spacetime is described by the action
where, m = 0, 1, , · · · , 9 and α = 1, · · · , 16.
The conformal weights of the fields p α , w α , θ α and λ α are 1, 1, 0, 0 respectively. Moreover, the field p α is a left handed Majorana-Weyl spinor whereas θ α is right handed Majorana Weyl spinor 3 . The fields w α and λ α are bosonic objects which transform as left and right handed Majorana Weyl spinor respectively under the Lorentz transformation (hence, violating the spin-statistics theorem). The field λ α satisfies an important constraint, the so called pure spinor constraint
where, γ m are the 16 × 16 gamma matrices, described in detail in the appendix B.
The ghost Lorentz and ghost number currents N mn and J are given by
The physical spectrum of the theory corresponds to the cohomology of the following BRST operator
which generates the following transformations
where, d α and Π m are supersymmetric invariant combinations
The OPE between various objects is given by
where, V is an arbitrary superfield, ∂ denotes the derivative with respect to world-sheet coordinate, ∂ m denotes the derivative with respect to the spacetime coordinate X m and
denotes the supercovariant derivative. The · · · terms denote the non-singular terms.
The scattering of N external string states at tree level is described by the amplitude
V and U in the above expression denote the unintegrated and integrated vertex operators respectively. The correlation functions of pure spinor fields are computed using the OPEs given in equation (2.8) and the identities of appendix C 4 .
After this brief recollection of general pure spinor results, we now turn to unintegrated massive vertex operator.
Unintegrated massive vertex operator at (mass)
In this subsection, we focus on the open string states at first mass level, i.e. m 2 = 1 α ′ . The unintegrated vertex operator for these states was constructed in [1] . We review this construction below. As mentioned in the introduction, at the first mass level, the open string spectrum comprises of 128 bosonic and 128 fermionic degrees of freedom contained in a traceless symmetric tensor g mn , a three-form field b mnp and a spin-3/2 field ψ mα . These fields satisfy the following constraints
Due to these constraints, the number of independent components in g mn , b mnp and ψ mα is 44, 84 and 128 respectively. Further, these form a massive spin-2 supermultiplet in 10 dimensions.
The unintegrated vertex operator describing the physical states at mass level n, i.e., m 2 = n α ′ is constructed out of objects 5 with ghost number 1 and conformal dimension n. Consequently, the most general unintegrated vertex operator at first massive level (n = 1) of the open string can be written as
where A α , B αβ , C β α , H mα , E α and F αmn are general superfields, unconstrained as of now. In accordance with [1] , the normal ordering : : is defined as follows
where, A and B are any two operators.
The equation of motion for the superfields in (2.12) is determined by the on-shell condition QV = 0 which yields the following set of equations which follows from the identity
Due to the nilpotency of the BRST operator Q, any vertex operator V enjoys a gauge freedom given by the transformation
This gauge freedom can be used to impose the following algebraic conditions on the superfields
Using these and the equations of motion (2.14) - (2.20) , all the superfields can be solely expressed in terms of the single superfield B mnp as
Further, one also finds
The above solution, when substituted in (2.18), simplifies to
which demonstrates that the states described by B mnp are indeed massive with (mass) 2 = 1 α ′ . In order to show that the superfields contain the physical fields g mn , b mnp and ψ mα , it is convenient to go to the rest frame k = 0, where k denotes the spatial momenta. In the following, we shall label the spatial indices using the beginning roman alphabets, namely, a, b, c etc.
As argued in [1] using the supersymmetry transformation properties, B mnp and H mα satisfy in the rest frame,
where, Ψ c α is an arbitrary tensor-spinor superfield satisfying
The spin-3/2 field ψ a α is defined to be the θ independent component of Ψ a α i.e.
(2.31) 7 In fact the covariant expression of (2.28) as proposed in [22] , after substituting in H sβ as given in (2.25) reduces in the rest frame to H Furthermore, the physical fields g ab and b abc are defined to be the θ independent components of G ab and B abc respectively i.e.
where, the superfield G ab is defined to be
Due to the fact that b abc is anti-symmetric in all the indices and equations (2.30) and (2.33), the fields b abc , g ab and ψ a α contain precisely the desired number of degrees of freedoms, namely, 84, 44 and 128 respectively. This shows that in the rest frame we have the correct counting for the degrees of freedom in the massive superfields. For these superfields to represent the massive spin-2 supermultiplet, the higher θ components of the superfields B mnp , Ψ mα and G mn must be determined completely in terms of b mnp , g mn and ψ mα . As we shall see in the next two sections, this indeed turns out to be the case.
In the next section, we shall write down the covariant generalizations of the rest frame results given above and the differential relations between the superfields B mnp , G mn and Ψ mα as mentioned earlier. These will enable us to do the θ expansion completely.
Ingredients for θ expansion
As mentioned in the introduction, one drawback of working in the superspace formalism is that a given superfield contains much more degrees of freedom than the actual physical degrees of freedom of the theory. In our case also, by looking at the coefficients in the θ expansion of the superfields B mnp , G mn and Ψ mα , we can easily convince ourselves that they contain much more degrees of freedom than 128+128 provided by the physical fields g mn , b mnp and ψ mα . Thus, it is imperative that we express the higher θ components of these superfields in terms of the physical fields thereby removing the redundant degrees of freedom.
To ensure that g mn , b mnp and ψ mα are the only physical degrees of freedom, there must be relations expressing D α Ψ mβ in terms of G mn , B mnp and D α G mn , D α B mnp in terms of Ψ mα . These will provide the recursive relations 8 relating the higher θ components of the superfields to the lowest components g mn , b mnp and ψ mα . Along with these, the algebraic constraints such as k m B mnp = 0 are also needed to remove the extra degrees of freedom at the zeroth order in θ expansion. We need to ensure that all these relations are consistent with the on-shell condition QV = 0 (or equivalently equations(2.14) to (2.20) ).
In this section, we give the above mentioned relationships among the superfields. In the process, we also give the covariant generalizations of the rest frame results (2.28) -(2.33) given in section 2.2. We shall be very brief and just state the result. One can check the validity of these by writing them in the rest frame and verifying that they agree with those in the subsection 2.2 and satisfy all the equations. In appendix E, we indicate how to check this systematically. For simplicity, we work in the momentum space in what follows 9 .
We start by recalling the rest frame result (2.29) which relates Ψ b β and H b β . We also note that Ψ 0 β does not appear anywhere in the rest frame analysis. Hence, we can set it to zero in the rest frame. In fact, a non zero ψ 0 β will not be consistent with the fact that ψ sβ contains 128 degrees of freedom in the rest frame unless further constraints are imposed on Ψ a β . This means that the covariant generalizations of (2.29) and (2.30) can be taken to be
We also need the covariant generalization of (2.33) which is given by
These results have the correct limit in the rest frame.
We now write down the relations between the various superfields and all the necessary constraints which are needed to ensure that superfields contain only the physical degrees of freedom.
In order to arrive at the above results 10 , we can write an ansatz with arbitrary coefficients using the superfields and momentum vector k m . The coefficients can be fixed by demanding that the ansatz reduces to the rest frame result and it is consistent with other equations in which it appears. For instance, to obtain the relation (3.5), we expand D α Ψ sβ in the basis of linearly independent gamma matrices using the identity (B.16). The superfields appearing in the expansion can be fixed by using the equations of motion QV = 0 and demanding its consistency with the solution (2.25). Similarly, the coefficients appearing in the ansatz for (3.3) and (3.4) can be fixed by using equations (2.25), (3.1), (3.2) and (3.5).
The constraints given in (3.6) are necessary to ensure that the lowest components of the superfields contain only the physical degrees of freedom. To see this, we note that these conditions, on the θ independent components of superfields, imply
These conditions are the momentum space version of the constraints given in (2.11) and guarantee that ψ sβ , g mn and b mnp have the correct number of degrees of freedom, namely 128, 44 and 84 respectively.
Once the equations (3.3) -(3.6) and (2.24) -(2.27) hold, all the equations resulting from QV = 0, namely (2.14) -(2.20) are satisfied identically as we indicate in appendix E. The equations (3.3) -(3.6) are the equations which are needed to do the θ expansion of the superfields completely which is done in the next section.
θ Expansion
As mentioned in the previous sections, the lowest components of the superfields Ψ sα , B mnp and G mn are the physical fields ψ sα , b mnp and g mn respectively. The higher θ components of the superfields contain the same physical fields in a more involved manner. In this section, we shall outline the procedure to determine the θ expansion of these superfields in terms of the physical fields exclusively. We recall the key equations from previous section which we shall need below
These equations are sufficient to obtain the θ expansion of all the superfields to all orders in θ once we specify the θ independent components of B mnp , G sm and Ψ sα . Intuitively, we can see how these equations will determine the higher θ components once the lowest components are specified -if we equate the θ ℓ components on both sides of these equations, we shall have θ ℓ components of the superfields on the right hand side. But on the left hand side, because we have a covariant derivative D α , we shall always have θ ℓ+1 and θ ℓ−1 component of the superfield on which D α acts. Thus, the higher components can be determined in terms of the lower components.
We denote the θ expansion of the superfields as
For each of the superfields, the fermionic and bosonic degrees of freedom occur either at even or odd θ components only. For example in Ψ sβ , the fermionic field ψ sβ appears at even θ components and the bosonic fields g mn and b mnp appear at odd θ components respectively.
In the case of B mnp and G mn , the bosonic fields appear at the even θ components and the fermionic field appear at odd θ components. While moving the fermionic objects such as θ α across these various components, it is helpful to keep in mind the aforementioned points.
On substituting (4.4)-(4.6) into (4.1)-(4.3) and comparing the (ℓ − 1) th component on both sides, we find
where, (ℓ − 1) = 1, 2, · · · , 16.
The higher θ components of the superfields can now be fixed using the above equations recursively. We start with the ℓ = 1 component of (4.7) which fixes the O(θ) component of Ψ sβ to be
Next, using the fact that 1-form γ m αβ is symmetric in its spinor indices, the equation (4.7) gives for ℓ = 2
where, we have used the fact that b mnpα and g mnα are Grassmann odd. They can be determined using the ℓ = 1 components of equations (4.8) and (4.9) respectively as
These can be substituted in equation (4.11) to fix the O(θ 2 ) component of Ψ sβ completely.
At the next oder in θ, the ψ sβα 1 α 2 α 3 will require g mnα 2 α 3 and b mnpα 2 α 3 . These can again be determined using equations (4.8) and (4.9) along with order θ result (4.10).
Executing this process recursively determines all the θ components of the superfields in terms of the physical fields. Equation (4.7) relates the ℓ th component of Ψ sβ to the (ℓ − 2) 
We shall now give the explicit expressions for the superfields Ψ sβ and B mnp upto order θ 3 .
The higher order components are tedious but straightforward to evaluate if required. Using the procedure described above, the θ expansion of the Ψ sβ field is given by
Similarly, the θ expansion of the superfield B αβ is given by
Since all the superfields appearing in the first massive vertex operator can be expressed fully using the superfields B αβ and Ψ mα , the above results are enough to write down the θ expansion of the unintegrated vertex operator upto O(θ 3 ). In the next section, we shall give this result for the full vertex operator of the b mnp field.
For completeness, we also give the θ expansion of G sm upto O(θ 3 )
3-point tree AAb amplitude
One of the applications of the results of previous section is in computing scattering amplitudes involving the massive states in pure spinor formalism. Just for illustration, in this section, we consider the 3-point tree amplitude involving 2 gluon fields 11 (denoted by a (i) m ) and the 3-form field b mnp . This amplitude was also considered in [22] . However, our result for θ expansion is significantly different from that of [22] . Hence, we compute the contribution of terms in the massive vertex operator upto O(θ 3 ) to this amplitude and check that our result agrees with the corresponding kinematic factor in the RNS formalism. The full amplitude acquires also the contribution from higher θ components which we do not consider in this paper (see conclusion for further comments regarding the full amplitude).
Since we shall only compute the 3-point function on the disk, the equation (2.10) tells us that we need only the unintegrated vertex operator to compute the amplitude
where, V i are the unintegrated vertex operators of interest (massive or massless).
The pure spinor measure is defined such that the bracket ... gives non-zero answer if and only if there are three λ and five θ zero mode inside it. Symbolically, this is often abbreviated as λ 3 θ 5 ∼ 1. More precisely, the pure spinor measure is normalized as
We now outline the procedure for computing the tree amplitudes. Given 3 external states whose tree level scattering we wish to compute, the basic strategy is as follows :
• Write down the θ expansion of each vertex operator V i to the desired order.
• Total number of θ in the product V 1 V 2 V 3 for non-zero contribution to the amplitude must be exactly equal to 5. So, from the product, we keep only those terms which have exactly five factors of θ.
• Since each unintegrated vertex operator V i has ghost number 1, they come with a single factor of λ α . Therefore each term in the product V 1 V 2 V 3 always has exactly three factors of λ α .
• Express every physical field in terms of its polarization and plane wave basis. Table 1 : Possible distribution of five θ in the vertex operators due to first three terms of (5.3).
• The only thing left to compute at this stage is the correlation function in Pure Spinor
Superspace. The relevant correlation functions were computed in [14] . For completeness, we give a list of correlators, used in this paper, in the appendix C.
All the computations, even though straightforward in principle, are quite tedious to do by hand (especially since the θ expansions of massive vertex operators for all the external states contain a lot of terms at higher order). The use of Mathematica package Gamma [23] was indispensable in these calculations.
To compute the amplitude, we need to "multiply" the vertex operator of b mnp field with the vertex operators of gluons and pick up the terms which have exactly five θ. Now, the on-shell vertex operator for the first massive states is given by
where the on-shell expression of superfields appearing here are given in equation (2.25).
The d α has a non trivial OPE with θ α and can reduce the number of zero modes of θ by one in the correlator. The massless vertex operator contains no d α term and its θ expansion starts at O(θ). Since the d α term of the massive vertex operator will reduce the number of θ zero modes from the massless vertices by one at a time, the minimum number of θ zero modes supplied by the two massless vertices can be one for the amplitude. This means that the contribution of the d β λ α C β α term in the massive vertex operator will require the knowledge of θ expansion upto O(θ 4 ). Thus, we focus here only on the contributions coming from the first 3 terms in the right hand side of equation (5.3). The possible θ distribution for these terms is shown in table 1. From this, it is clear that these three terms require the θ expansion only upto O(θ 3 ).
Using equations (2.25), (3.1) and the result of θ expansion for the superfields B mnp and Ψ mα given in previous section, the θ expansion for the four terms in the above vertex operator for b mnp field upto O(θ 3 ) is given by
We now consider the above mentioned terms in the massive vertex operator and evaluate their contribution. We shall indicate some steps for few terms below. We put the two gluons at z 1 and z 2 and b mnp field at z 3 on the world-sheet and use the notation
where, the polarization tensors satisfy the transversality conditions
For the first type of terms, ∂θ β λ α B αβ in the b mnp vertex operator, we note that it contains either zero or two θs. Hence, it will never contribute to this amplitude. So, we start with the terms of the type Π m λ α H mα . Using the expression of massless vertex operator given in appendix D, the first term of Π m λ α H mα gives (noting that only the term containing ∂X m in Π m will be relevant)
where, f mn = ip m e n − ip n e m and Γ m is the world-sheet correlator involving the X fields
where, z ij = z i − z j .
In going to the last line of (5.5), we have used the pure spinor identity (C.2) given in appendix C. Now, it might appear that this correlator depends upon the worldsheet coordinates z i through Γ m . However, the momentum conservation and the transversality of the polarization tensors ensure that this is not the case. To see this, we simplify the last line of (5.5) using (5.6) as follows
In going to the second line, we have used the momentum conservation p 1 + p 2 + k = 0 and the transversality condition e mnp k m = 0.
In an identical manner, the contribution of the rest of the terms in Π m λ α H mα can be evaluated. One gets the same tensor structure from these terms and their total contribution is given by
Next, we consider the N mn λ α F αmn term of the massive vertex operator. Its first term gives,
where, Γ is the world-sheet correlator
To evaluate the pure spinor correlators, we first need to eliminate the N xs field by using its OPE with λ α . We illustrate it with the second correlator of (5.8)
The first correlator in (5.8) can be similarly worked out. Thus, we obtain on using the pure spinor correlators given in appendix C, the momentum conservation and the transversality of the polarization tensors
The contribution of other terms in the expression of N mn λ α F αmn can be similarly worked out.
Their total contribution is given by
To obtain the full contribution due to the terms considered here, we also need to add to the contributions of (5.7) and (5.10), the contribution obtained by interchanging the first massless vertex with the second massless vertex (i.e. 1 ↔ 2). In our case, this simply doubles the result.
As mentioned earlier, the total contribution to the amplitude also receives contributions coming from the higher orders in θ expansion. For this amplitude, since there is only one kinematic structure possible 12 , we expect the contribution of d α λ β C α β term in the massive vertex operator to yield the same kinematic structure as in (5.7) and (5.10) and hence providing additional contribution to the numerical factors of these equations.
A priori, the overall numerical factors of pure spinor and RNS amplitudes will not agree.
The comparison between the numerical factors of two results will fix the relative normalization 12 One can easily see this by trying to construct Lorentz invariant kinematic structures using the momenta and polarization tensors, taking into account the momentum conservation and the transversality conditions (5.4) between them. With this normalization, all subsequent amplitudes must agree even upto the numerical factors.
The corresponding amplitude in RNS formalism is straightforward to compute (see, e.g. [22] and references therein). The kinematic structure of the contribution to the AAb amplitude, considered partially above, which is computed using the pure spinor formalism matches with the corresponding kinematic structure computed using the RNS formalism 13 .
Conclusion
We have given the systematic procedure to obtain the θ expansion of first massive vertex operator in the pure spinor formalism of superstring theory. This result is essential for computing the scattering amplitudes involving the massive states in pure spinor. We have also given the explicit θ expansion of the superfields appearing in this vertex operator upto O(θ 3 ). The higher θ components can be straightforwardly computed using the procedure described in this paper.
With the help of these and the corresponding result for the superfields describing the massless states, any tree level amplitude with three or less number of first massive states and arbitrary number of massless states can now be computed in pure spinor formalism. Similarly, one loop amplitudes which involve just one massive state can also be computed. The 4 and higher point tree amplitudes involving more than three massive states and two and higher loop amplitudes involving any number of massive states require the integrated form of the vertex operator [25] .
All these calculations are tedious and prone to error when performed manually. Hence, it is more efficient to use a computer code to perform the θ expansion and for doing the amplitude calculations [26] .
This construction can be readily extended to obtain the first massive vertex operator in heterotic and type II superstring theories in the pure spinor formalism. For heterotic superstring, we simply take the tensor product of the vertex given in this paper with the anti-holomorphic vertex of the bosonic string. Whereas for the type II theories, we take the tensor product of the holomorphic and anti-holomorphic copies of the vertex given here.
Along the way, we have also found the relations, hitherto unknown, which are obeyed by the basic superfields B mnp , G mn and Ψ mα which describe the massive spin-2 supermultiplet.
These relations are part of superspace description of massive spin-2 multiplet. Furthermore, they are necessary to ensure that we have the correct physical degrees of freedom and are pivotal to perform θ expansion.
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A Summary of conventions
In this appendix, we give a summary of the notations and conventions we have used in this paper.
• Our (anti)symmetrization convention is as follows Anti-symmetrization :
• All antisymmetric products of gamma matrices are defined as
Anti-symmetrized product of p gamma matrices is sometimes referred to as p-form.
• Our convention for super-covariant derivative is
Therefore, the Clifford identity of gamma matrices implies
In momentum space, this implies for the first massive state
• All normal ordering of products of operators are considered to be generalized normal ordering defined as follows- B Useful identities involving gamma matrices in d=10
In this appendix, we write down the list of gamma matrix identities that were used in our calculations. A useful reference for the more exhaustive list is [24] . Most of the manipulations involving the gamma matrices were done with the help of the Mathematica package Gamma [23] .
We work solely with 16×16 gamma matrices in d = 10. These are the off-diagonal elements of the 32 × 32 gamma matrices Γ m matrices satisfying
More specifically,
• Spinor index structure of various gamma matrices • Hodge duals For 10 dimensional 16×16 gamma matrices, the hodge duality is more than mere duality.
It turns out to be an equality. We summarize them below
where, ǫ m 1 ···m 9 is the 10 dimensional epsilon tensor defined as
Due to the above dualities, we only take γ • Symmetry property of gamma matrices under exchange of Spinor indices • Various Gamma Traces • Bi-Spinor decomposition Any Bi-spinor T αβ can be decomposed as
where, for r = 1, 3, 5
Similarly, a tensor-spinor T α β can be decomposed as
where, for r = 2, 4
• Tensor index contracted identities involving gamma matrices C Pure spinor superspace identities
The pure spinor superspace identities which are used in this paper are listed below [14] (λγ m θ)(λγ n θ)(λγ p θ)(θγ stu θ) = 1 120 δ mnp stu E Consistency of the differential relations with QV = 0
In this appendix we give an outline of the proof that the relations given in section 3 are consistent with the equations of motion (2.14) to (2.20) and among themselves. We indicate the steps for the consistency with equations (2.14) and (2.15). The rest of the equations can be verified in a similar fashion.
We first show that our expression for D α B mnp is consistent with the two expressions of H sβ given in equations (2.25) and (3.1). For this, we note that by putting the expression of D α B mnp from (3.4) In the rest frame, this matches with the corresponding result given in (2.29). If we only consider the momentum independent term in the covariant expression of D α B mnp as done in [22] , then the two expressions of H sα do not match with each other (see also footnotes 7 and 10).
Next, on substituting (3.1) and (3.4) in (2.14) and using (2.27) along with k m Ψ mα = 0 of (3.6), we obtain This shows that the equation (2.14) is identically satisfied.
Next, we consider equation (2.15) . Using the expression of C mnpq from (2.25), expression of H sβ from equation (3.1), equation (3.5) and noting that the trace of product of 5 form with 1 and 3 form is zero, we obtain for the left hand side of (2.15)
Hence, (2.15) is also identically satisfied.
To verify the rest of the equations resulting from QV = 0, one can follow similar steps as in the above two cases. All one needs to use are the various gamma matrix identities and equations (2.25) -(2.27), (3.1) and (3.3) -(3.6). Using these, we can show that all the remaining equations, viz. Finally, we also need to verify that all the relations given in section 3 are consistent with each other. One way to verify this is to take the supercovariant derivative of both sides of equations (3.3)-(3.5). Using the identity (A.6), the left hand side of these equations will become proportional to a single superfield, whereas the right hand sides will now involve the supercovariant derivatives of the superfields. The RHS can be shown to be identical to LHS using equations (3.3) -(3.6) and various gamma matrix identities. The consistency of (3.6) with the equations (3.3) -(3.5) is also easy to verify. The consistency of our proposed relations with QV = 0 and among themselves is therefore established.
